ily located in the pallidal embryonic domain (medial ganglionic eminence), and (2) neurons containing preproenkephalin (and possibly calbindin), with ascending projections to the striatum, which appear to originate from progenitors expressing Islet1 in the striatal embryonic domain (lateral ganglionic eminence). Based on data on Nkx2.1, Islet1, LANT6 and proenkephalin, it appears that both cell types are also present in the globus pallidus/dorsal pallidum of chicken, frog and lungfish. In chicken, the globus pallidus also contains neurons expressing substance P (SP), perhaps originating in the striatal embryonic domain. In ray-finned and cartilaginous fishes, the pallidum contains at least the Nkx2.1 lineage cell population (likely representing the neurons containing LANT6). Based on the presence of neurons containing enkephalin or SP, it is possible that the pallidum of these animals also includes the Islet1 lineage cell subpopulation, and both neuron subtypes were likely present in the pallidum of the first jawed vertebrates. In contrast, lampreys (jawless fishes) appear to lack the pallidal embryonic domain and the Nkx2.1 lineage cell population that mainly characterize the pallidum in jawed vertebrates. In the absence of data in other jawless fishes, the ancestral condition in vertebrates remains to be elucidated. Perhaps, a major event in telencephalic evolution was the novel expression of Nkx2.1 in the subpallium, which has been related to Hedgehog expression and changes in the regulatory region of Nkx2.1.
Introduction
The basal ganglia are a group of nuclei located in the ventral or subpallial part of the telencephalon, which are key actors of functional neural networks involved in the control of motivation and somatomotor behavior [reviewed by Reiner et al., 1998; Medina, 2009; Moreno et al., 2009; Kuenzel et al., 2011; Medina and Abellán, 2012] . These nuclei are not only involved in the execution of tasks, they also play important roles in cognitive functions essential for adaptive behavior, such as planning, attention, learning and memory [reviewed by Reiner et al., 1998; Gerfen, 2004; Graybiel and Saka, 2004; Medina, 2009; Lanciego et al., 2012] . Basal ganglia dysfunction is associated with a variety of human diseases or disorders, including Parkinson's disease, obsessive-compulsive disorder or drug addiction, and understanding the basis of their clinical manifestations requires deep knowledge of the function of each single neuron subpopulation [Albin et al., 1989; Reiner et al., 1998 ].
In spite of the vast amount of research dedicated to the study of basal ganglia in different species, and the fact that there is a high degree of evolutionary conservation of these nuclei across tetrapods [Marín et al., 1998; Reiner et al., 1998; Moreno et al., 2009; Kuenzel et al., 2011] , many aspects on their functional anatomical organization and evolution remain unanswered. This is due to the high complexity of these nuclei, each comprising many different subtypes of neurons with different chemical features (expression of neurotransmitters, neuropeptides and receptors, for example), connections and physiological properties [reviewed by Reiner et al., 1998; Medina, 2009; Lanciego et al., 2012] .
Modern developmental studies using tools for analyzing gene expression, gene function and fate mapping help to understand the embryonic origin and basic features of each neuron subtype of the basal ganglia and other subpallial structures, such as the centromedial extended amygdala [Marín et al., 2000; García-López et al., 2008; Hirata et al., 2009; Carney et al., 2010; Nóbrega-Pereira et al., 2010; Bupesh et al., 2011a, b; Abellán et al., 2013] . In the centromedial amygdala, this information is key to unraveling its functional anatomical organization in mammals and to establish the basis for comparisons with other species [Moreno et al., 2009; Medina et al., 2011; Abellán et al., 2013] . We expect that such studies applied to the basal ganglia and done in different species in the light of evolutionary developmental biology [Wullimann and Mueller, 2004; Medina, 2009; Moreno et al., 2009] will be essential in order to be able to: (a) identify the same molecularly distinct progenitor zones that produce neurons for the basal ganglia nuclei in different species 1 ; (b) know whether basal ganglia nuclei in different species, if present, are formed by identical or partially different sets of neuron subpopulations (identified by their embryonic origin and transcription factor expression during development), and (c) identify possible mechanisms that may explain the evolution of the basal ganglia (for example, changes in the expression of developmental regulatory genes, and in the enhancers, activators, repressors and/or cofactors that regulate the expression), taking into account that evolution of morphological diversity is the consequence of nonlethal changes that occurred during development and were preserved by natural selection [Carroll et al., 2001; Medina, 2007] . Therefore, herein, we take advantage of the evolutionary developmental biology (evodevo) approach in order to improve our understanding of both the functional organization and the evolution of the basal ganglia, focusing our attention on the analysis of the globus pallidus (dorsal pallidum). To that aim, we review data on the development of the basal ganglia in mammals and compare them to those obtained in other vertebrates.
Striatum versus Pallidum: Were They Present in the First Vertebrates?
Developmental, neurochemical and connectivity data show that the basal ganglia contain two major subdivisions in all jawed vertebrates studied: an input station called striatum and an output station called pallidum (see reviews by Marín et al. [1998] ; Reiner et al. [1998] ; Medina [2009] and González et al. [2014] ), and recent data in lobe-finned fishes (e.g. lungfishes) [González and Northcutt, 2009 ], ray-finned fishes (e.g. the teleost zebrafish) [Wullimann and Mueller, 2004; Mueller et al., 2008; Mueller and Wullimann, 2009] , and cartilaginous fishes (e.g. the lesser-spotted dogfish) [Rodríguez-Moldes, 2009; Quintana-Urzainqui et al., 2012] . Moreover, two major divisions are distinguished at least in tetrapods, the dorsal basal ganglia mainly related to somatomotor behavior, including the dorsal striatum (the caudoputamen complex in mammals) and the dorsal pallidum (the globus pallidus in mammals), and the ventral basal ganglia mainly related to motivation, including a ventral striatum (nucleus accumbens and other cell groups) and a ventral pallidum [Marín et al., 1998; Reiner et al., 1998 ]. However, the situation is unclear in jawless fishes: while some developmental data point to the absence of a pallidal embryonic domain in the subpallium of lampreys (based on the lack of Nkx2.1 expression [Murakami et al., 2001; Osorio et al., 2005 ; see also van den Akker et al., 2008] ), recent data on neurochemistry combined with connections and physiology have identified a globus pallidus in these jawless fishes [Stephenson-Jones et al., 2011 . In the following, we review new data on the development of the globus pallidus/dorsal pallidum in mice, sauropsids and other vertebrates that contribute to a better understanding of the neuronal components of this center and may help to reconcile the discrepancy in the views on its early evolution.
The Globus Pallidus in Mammals: Multiple Neurons and Multiple Embryonic Origins
In mammals, the striatum (including the caudoputamen complex) and the pallidum (including the rodent globus pallidus, comparable to the primate lateral globus pallidus) were classically considered to derive from distinct embryonic domains, named the lateral ganglionic eminence (LGE) and the medial ganglionic eminence (MGE), respectively [Holmgren, 1925] , which was later demonstrated experimentally using tritiated-thymidine autoradiography [Fentress et al., 1981; Marchand and Lajoie, 1986] . This was recently corroborated based on the results of gene expression patterns and several fate map approaches, including fluorescent clonal labeling and genetic fate mapping using transgenic mice [Marín et al., 2000; Puelles et al., 2000 ; reviewed by Marín and Rubenstein, 2001; Yun et al., 2001; Stenman et al., 2003; Yun et al., 2003; Xu et al., 2008; Medina, 2009; Medina and Abellán, 2012] . In particular, during development LGE and MGE express distinct combinations of transcription factors in the ventricular (vz) and/or subventricular zone (svz), some of which are also expressed in postmitotic cells allowing identification of LGE and MGE derivatives in the mantle [Grigoriu et al., 1998; Marín et al., 2000; Puelles et al., 2000; Marín and Rubenstein, 2001; Yun et al., 2001; Stenman et al., 2003; Yun et al., 2003; Flames et al., 2007; García-López et al., 2008; Xu et al., 2008; Medina and Abellán, 2012] . LGE vz and/or svz and their derivatives 1 Note that the same progenitor zones should not only be identified by their molecular profile but, most importantly, they should occupy an identical position within the topological framework of the neural tube [Nieuwenhuys, 1998; Puelles and Medina, 2002; Striedter, 2005; Medina, 2007; Nieuwenhuys, 2009]. (including the caudoputamen) were characterized by the expression of the transcription factors Gsh1 (low), Gsh2 (high), Dlx1/2/5, Islet1 and Pax6, while MGE vz and/or svz and mantle (including the globus pallidus) were characterized by Gsh1 (high), Gsh2 (low) and Dlx1/2/5, but also Nkx2.1, Lhx6 and Lhx7/8 ( fig. 1 ; see references above for more details). LGE vz/svz lacked expression of Nkx2.1 and Lhx6/7/8, while MGE vz/svz lacked expression of Pax6 and Islet1. Loss-of-function studies have revealed a pivotal role of Gsh2 and Nkx2.1 in subpallial patterning and in the specification of either LGE or MGE, respectively, and have shown that they are upstream of other transcription factors (such as Dlx1/2, Lhx6 and Lhx7/8) involved in the migration and/or differentiation of subpallial neurons [Sussel et al., 1999; Marín et al., 2000; Yun et al., 2001 Yun et al., , 2003 Zhao et al., 2003; Cobos et al., 2007; reviewed by Medina and Abellán, 2012] .
However, new developmental data have complicated this scheme due to the existence of: (1) multiple progenitor subdivisions within both LGE and MGE, each giving rise to different neuron subpopulations, a question that is still being investigated [Stenman et al., 2003; Flames et al., 2007; Bupesh et al., 2011a, b] , and (2) tangential migration of neurons from MGE and other embryonic domains to the developing striatum, but also from LGE and other embryonic domains to the developing pallidum, contributing to the neuronal diversity found in the mature nuclei of the basal ganglia [Marín et al., 2000; Marín and Rubenstein, 2001; Zhao et al., 2003; Cocas et al., 2009; Nóbrega-Pereira et al., 2010 , Bupesh et al., 2011a telencephalon of a mouse, representing the neuron subtypes found in the globus pallidus in rodents and indicating their embryonic origin by way of a color code (in the schematic sections, medial is to the left and dorsal is to the top). In rodents, there are two major subpopulations of GABAergic projection neurons in the globus pallidus: (1) GABA+/PV+/LANT6+ neurons that show descending projections to the subthalamic nucleus and substantia nigra pars reticulata (part of these cells also have collaterals projecting to the entopeduncular nucleus), and (2) GABA+/ppENK+ neurons that primarily project to the striatum, although some of them appear to have descending collaterals. The GABA+/PV+/LANT6+ neurons primarily originate in the MGE (the pallidal progenitor zone) from cells that express Nkx2.1 and Lhx6, while the GABA+/ppENK+ neurons appear to originate in the LGE (the striatal progenitor zone) from cells that express Islet1. The pallidal mantle also contains neurons expressing Lhx7/8, but these represent cholinergic neurons belonging to the corticopetal system, which mainly originate in the commissural preoptic domain. For abbreviations see list. Abellán, 2012; Bupesh et al., 2013] . Regarding tangential migrations, the first to be described were those from the MGE and the adjacent entopeduncular area 2 to the caudoputamen; they were demonstrated to produce most subtypes of striatal interneurons, including those containing parvalbumin (PV), those containing acetylcholine, most of the neuropeptide Y/somatostatin/nitric oxide synthase-expressing interneurons, and most of the calretinin-containing interneurons [Marín et al., 2000] . Recent evidence has shown that most (if not all) cholinergic interneurons of the caudoputamen really originate in the preoptic area and depend on the expression of both Lhx7/8 and Islet1 [Elshatory and Gan, 2008; García-López et al., 2008 ; reviewed by Medina and Abellán, 2012] . In addition, a recent study showed that most of the dopaminergic interneurons of the striatum also migrate tangentially from the preoptic area [Bupesh et al., 2013] . In contrast to most interneurons, projection neurons of the caudoputamen (containing either substance P, SP, or enkephalin, ENK, amounting to 90-95% of all striatal neurons [Medina and Reiner, 1995] ) originate in the LGE and migrate radially into the mantle [Marín and Rubenstein, 2001 ].
These findings, together with results on the development of the cerebral cortex, suggest that, in the telencephalon, the principal neurons of nuclei/areas arrive by radial migration from their progenitor zone (which is located topologically deeper), while tangential migration of cells beyond their original radial histogenetic domain only contributes interneurons 3 [Marín and Rubenstein, 2001] . However, recent evidence has shown that this cannot be considered a general rule, since there are several examples of projection neurons that arrive to subpallial nuclei by tangential migration [Nóbrega-Pereira et al., 2010; Bupesh et al., 2011a; Medina and Abellán, 2012] . In particular, the GABAergic projection neurons of the globus pallidus include two major subpopulations 4 : (1) a subpopulation of neurons that primarily originate in the MGE (with a minor contribution of the preoptic area) and express Nkx2.1, with many neurons also expressing the transcription factor ER81 and the protein PV (other data show that these neurons also express the transcription factor Lhx6, which is downstream of Nkx2.1), and (2) a subpopulation of neurons that originate in the LGE and express the transcription factor Islet1 [Sussel et al., 1999; Flandin et al., 2010; Nóbrega-Pereira et al., 2010; Bupesh et al., 2011a] ( fig. 1 ) . The first subpopulation of neurons is the most abundant (about 74% of the total cell number are from the Nkx2.1 lineage, and almost 50% of the total number contain Nkx2.1, ER81 and PV [Nóbre-ga-Pereira et al., 2010] ). This Nkx2.1 lineage cell subpopulation is not formed in mice with lack of function of Nkx2.1 [Nóbrega-Pereira et al., 2010] , a transcription factor until now considered essential for the specification of MGE and the formation of the globus pallidus [Sussel et al., 1999; Marín et al., 2000] . However, it now appears that, in Nkx2.1-knockout mice, neurons of the globus pallidus derived from the LGE (about 25% of total neurons) remain and aggregate in the correct location where this nucleus usually develops [Nóbrega-Pereira et al., 2010] .
Importantly, these data help to understand the functional anatomical organization of the globus pallidus, whose neurons are heterogeneous regarding their anatomical, neurochemical and physiological features. Previous studies in adult rodents and primates reported the existence of two major GABAergic projection neurons in the globus pallidus, containing either PV+/LANT6+ (these are about 2/3 of all neurons in the nucleus) or preproENK (ppENK+) [Reiner and Carraway, 1987; Reiner and Anderson, 1993; Kita, 1994; Kita and Kitai, 1994; Hoover and Marshall, 1999; Kita et al., 1999; Kita and Kita, 2001; Hoover and Marshall, 2002] ( fig. 1 ). It is likely that most of the ppENK+ neurons represent non-PV projection neurons that contain calbindin [Cooper and Stanford, 2002] , although this has not been explored by double labeling. In addition to PV+ and non-PV projection neurons (ppENK+ and/or calbindin+), in rodents the globus pallidus also appears to contain a minor subpopulation of interneurons that express calretinin (<1% of all neurons [Cooper and Stanford, 2002] ; fig. 1 ). PV+ neurons typically show descending projections to the entopeduncular nucleus (medial globus pallidus), subthalamic nucleus and the substantia nigra pars reticulata [Kita and Kitai, 1994; Marshall, 1999, 2002] , although in rodents and primates some of them also appear to project to the striatum [Kita et al., 1999; Mallet et al., 2012] . In contrast, ppENK+ neurons primarily have 2 The entopeduncular area, initially defined as a large embryonic territory at the telencephalic stalk [Marín et al., 2000; Puelles et al., 2000] , related to cerebral peduncle, has been later redefined based on gene expression patterns and separated into a part related to the MGE and another Shh-expressing part belonging to the preoptic area [Flames et al., 2007; García-López et al., 2008; Bupesh et al., 2011b] . Oligodendrocytes can also migrate tangentially [Olivier et al., 2001; Kessaris et al., 2006] , but they are not considered in this review. 4 In addition to the GABAergic projection neurons, the globus pallidus contains a small subpopulation of cholinergic neurons of Nkx2.1 lineage that immigrate from the preoptic area ( fig. 1 [Nóbrega-Pereira et al., 2010] ), but these belong to the corticopetal functional system and are not treated here [reviewed by Medina and Abellán, 2012]. ascending projections back to the striatum, although at least some of them also appear to have collaterals targeting the subthalamic nucleus and apparently the entopeduncular nucleus Marshall, 1999, 2002] . The PV+ cells show high-frequency discharges, while those containing ENK appear to fire low-frequency discharges punctuated by bursts [Hoover and Marshall, 1999] . Moreover, these two types of neurons differ in their response to dopamine receptor agonists or antagonists Marshall, 1999, 2002] . For example, dopamine D 2 antagonists induce Fos protein expression exclusively in the ppENK+ neurons of the globus pallidus [Hoover and Marshall, 2002] , making these cells similar to the enkephalinergic neurons of the striatum, from which the globus pallidus receives input [Hoover and Marshall, 1999] . These two major subtypes of neurons have also been found in the globus pallidus of parkinsonian rats [Mallet et al., 2012] .
It now appears that these two major types of projection neurons of the globus pallidus have distinct embryonic origins ( fig. 1 ). As noted above, the PV+ projection neurons of the globus pallidus appear to originate in the Nkx2.1-expressing embryonic domain, primarily in the MGE [Nóbrega-Pereira et al., 2010] . In contrast, the ppENK+ pallidostriatal neurons likely represent the LGE-derived, non-PV neurons of the globus pallidus found to express Islet1 [Nóbrega-Pereira et al., 2010; Bupesh et al., 2011a] . Interestingly, this second type of neuron of the globus pallidus with origin in the LGE shows dendritic architecture (with high density of spines), chemical features (expression of ENK) and pharmacological responses (to dopamine receptor antagonist) similar to one of the major projection neurons of the caudoputamen (the enkephalinergic projection neurons) and appears to show reciprocal connections with this nucleus [Hoover and Marshall, 2002; Mallet et al., 2012] , which also originates in the LGE. This is not surprising since the embryonic origin of any single neuron has a strong influence on its future chemical features, connections and physiological characteristics. In the mouse centromedial extended amygdala, which is highly heterogeneous regarding neuron constitution and embryonic origin, there is also a trend for neurons having the same origin to share similar chemical features and connections, and to be involved in similar functions [García-López et al., 2008; Bupesh et al., 2011a, b; Medina et al., 2011; Abellán et al., 2013] . Thus, developmental studies have provided key information for a better understanding of the functional anatomical organization of the globus pallidus in mammals. In addition, this information establishes the basis for a better comparison with the globus pallidus of other vertebrates, as done below.
The Globus Pallidus in Nonmammals: What Defines the Nucleus and What Cells Originated First?
From the data above, it appears that the mammalian globus pallidus contains two major subpopulations of GABAergic projection neurons: those from the Nkx2.1 lineage that primarily originate in the MGE, most of which express PV and show the typical descending projections mainly to the subthalamic nucleus and substantia nigra (many of these PV+ cells also show collaterals to the entopeduncular nucleus), and those that originate in the LGE, from the Islet1 lineage, and likely represent the ppENK-containing pallidostriatal projection neurons (note that here we are not considering neurons of the corticopetal system that overlap the pallidum; fig. 1 ). This information is extremely important if we want to understand the evolutionary origin of this nucleus. Until now, researchers in the field of basal ganglia have considered that the globus pallidus is defined as a subpallial nucleus whose neurons originate in the MGE from the Nkx2.1 cell lineage [Sussel et al., 1999; Marín et al., 2000; Puelles et al., 2000] , express GABA and PV, receive input from the striatum and project to subthalamic/nigral targets [Medina and Reiner, 1995; Reiner et al., 1998 ]. However, this definition is only partially true, since some of the projection neurons of the nucleus clearly originate in the LGE and do not belong to the MGE/Nkx2.1 lineage. Moreover, such cells do not express PV, and their most characteristic projections are those to the striatum (although some also appear to project to the subthalamus and perhaps other targets). However, many features of the non-PV neurons of the globus pallidus in other mammals remain unknown. Therefore, the definition of the nucleus is not simple and is far from clear. One way to approach the question is to ask which neuron subtypes are present in the globus pallidus of nonmammals, and what defined the evolutionary origin of this nucleus ( table 1 ) .
Sauropsids (Birds and Reptiles)
Based on position, neurochemistry and connections, many studies have identified a dorsal striatopallidal neural system in different birds and reptiles, which is comparable to that of mammals [reviewed by Medina and Reiner, 1995; Reiner et al., 1998 ]. The globus pallidus thus identified contains GABAergic neurons, also coexpress-ing PV and LANT6, that receive input from the striatum and project to the subthalamic nucleus and substantia nigra pars reticulata ( table 1 ). Recent evidence on the development of the telencephalon in chicken and turtles has shown that the nucleus identified as globus pallidus in these animals is rich in Nkx2.1-expressing cells that appear to derive from a MGE-like embryonic domain (the pallidal embryonic subdivision; fig. 2 ) [Fernandez et al., 1998; Puelles et al., 2000; Cobos et al., 2001; Abellán and Medina, 2009; Moreno et al., 2010; Kuenzel et al., 2011] . Thus, the globus pallidus in sauropsids appears to contain at least the pallido/Nkx2.1 lineage cell type, expressing GABA, PV and LANT6, and with descending projections to the subthalamic nucleus and substantia nigra, comparable to a similar type found in the globus pallidus of rodents and primates ( table 1 ). In sauropsids, this cell type may also be responsible for the descending pallidal projections to a pretectotectal nucleus, which are prominent in these animals [Reiner et al., 1980; Medina and Smeets, 1991; Reiner et al., 1998 ].
In addition to this major cell type, the globus pallidus in chicken also contains subpopulations of neurons expressing ppENK or SP+ mRNA [Abellán and Medina, 2009] ( table 1 ) . The embryonic origin of these cells is unclear, but it is likely that they derive from the striatal progenitor (LGE-like) zone, as the projection neurons of the striatum (containing either ENK or SP) do [Abellán and Medina, 2009] . In agreement, in chicken the developing globus pallidus includes a subpopulation of neurons expressing the transcription factor Islet1 [unpubl. obs.], which is present in cells derived from the ventral striatal progenitor domain ( table 1 ) . It is also likely that ppENK+ and SP+ neurons of the chicken globus pallidus, as those in the dorsal striatum [Reiner et al., 1998 ], represent On the other hand, lampreys lack expression of Nkx2.1 and Hedgehog in the telencephalon, and thus appear to lack the pallidopreoptic embryonic subdivisions and the cell groups derived from them. However, the situation in lampreys may represent a simplification with respect to the ancestral condition, and data in hagfishes are needed in order to know what was the situation in the first vertebrates [Sugahara et al., 2013] . For abbreviations see list. Amphibians As in amniotes, a dorsal striatopallidal system, with a dorsal striatum and a dorsal pallidum/globus pallidus, has been identified in amphibians based on position, neurochemical features and connections [reviewed by Marín et al., 1998 ], which has been supported by developmental studies [Moreno et al., 2009] . In frogs and salamanders, the developing globus pallidus is rich in neurons expressing Nkx2.1 that derive from the pallidal progenitor domain ( table 1 ; fig. 2 ) [González et al., 2002; Moreno and González, 2007; van den Akker et al., 2008; Moreno et al., 2009] , similarly to the main subpopulation of globus pallidus neurons of amniotes. These neurons appear comparable to the Nkx2.1 lineage neurons of the amniote globus pallidus, most of which are PV+. However, it is unknown whether the Nkx2.1 lineage cells of amphibians contain PV or LANT6. In contrast, the globus pallidus in frogs and salamanders contains abundant cells expressing calbindin ( table 1 ) [Morona and González, 2008] , although the embryonic origin of these cells is unknown. On the other hand, it seems that in the frog Xenopus laevis, the globus pallidus also contains minor subpopulations of cells expressing the transcription factor Islet1 [Moreno et al., 2008] or the neuropeptide proENK [Merchenthaler et al., 1989] . Although more studies are needed, these cells of the frog may derive from the striatal progenitor zone and be comparable to similar cells found in the globus pallidus of the mouse and chicken ( table 1 ) . More studies will also be necessary to investigate the presence of SP+ cells in the globus pallidus of amphibians. Taken together, these data show that the globus pallidus of all tetrapods includes at least two major subtypes of neurons, those of Nkx2.1 lineage primarily derived from the pallidal progenitor domain and those of Islet1 lineage that apparently derive from the striatal progenitor domain ( table 1 ) .
Fishes
A striatum and a pallidum were identified in lungfishes, ray-finned fishes and cartilaginous fishes based on neurochemical features [Reiner and Northcutt, 1987; Northcutt et al., 1988; Reiner and Northcutt, 1992; Northcutt, 2009 ], but their delineation has improved thanks to data on the expression of transcription factors during development [Wullimann and Mueller, 2004; Mueller et al., 2008; González and Northcutt, 2009; Mueller and Wullimann, 2009; Quintana-Urzainqui et al., 2012 ; reviewed by González et al., 2014] . In particular, the pallidal division, which contains neurons of Nkx2.1 and/or Lhx6 lineage ( table 1 ; fig. 2 ) [Mueller et al., 2008; González and Northcutt, 2009; Mueller and Wullimann, 2009; Quintana-Urzainqui et al., 2012] , appears to receive ENK+ and SP+ input from the striatum and also contains LANT6+ cells Northcutt, 1987, 1992 ; reviewed by González et al., 2014] . Importantly, data on Nkx2.1 expression in lungfishes and cartilaginous fishes have revealed that the pallidal subdivision is smaller (more medially restricted) than previously thought [González and Northcutt, 2009; Quintana-Urzainqui et al., 2012] . On the other hand, in the teleost zebrafish (used as a neurogenetic model for ray-finned fishes), there are two copies of Nkx2.1, and only one of them (Nk2.1b) is expressed in the subpallium [Rohr et al., 2001] . Detailed analysis of this zebrafish region using expression of Lhx6 (also a pallidal marker in amniotes, being downstream to Nkx2.1) has revealed that it corresponds to a ventral subdivision of the dorsal part of the ventral or subpallial telencephalic sector (Vd or Sd) [Mueller et al., 2008; Mueller and Wullimann, 2009] , as previously proposed by Reiner and Northcutt [1992] based on neurochemistry and position.
Interestingly, it appears that at least in lungfishes the pallidal division (defined by Nkx2.1 expression) also includes a subpopulation of Islet1 lineage neurons that may derive from the striatal progenitor zone ( table 1 ) [González and Northcutt, 2009 ]. The Nkx2.1/Lhx6 pallidal division of lungfishes and ray-finned fishes [Mueller et al., 2008; González and Northcutt, 2009 ] also contains ENK+ and SP+ neurons ( table 1 ) Northcutt, 1987, 1992; Northcutt, 2009] , but the embryonic origin of these cells is unknown. Thus, it is possible that two major cell types, the pallido/Nkx2.1 lineage neurons and the striato/Islet1 lineage neurons, were present in the pallidum of the common ancestor of lungfishes and tetrapods, or perhaps in earlier ancestors (based on the presence of ENK+ and SP+ neurons in the pallidum of ray-finned and cartilaginous fishes), but we need additional studies, including analysis of Islet1, in more species to confirm this. Moreover, although it is suggested that the pallidum of jawed fishes receives striatal input, this is mostly based on immunohistochemical observations. Nevertheless, there is an experimental study on the connections of the subpallium in a teleost fish (the rainbow trout) that shows the existence of intrinsic subpallial connections, some of which may represent reciprocal striatopallidal projections [Folgueira et al., 2004] .
Data in lampreys have shown lack of a Nkx2.1 expression in the telencephalon, indicating the absence of an MGE-like progenitor zone in these jawless fishes ( fig. 2 ; table 1 ) [Murakami et al., 2001 [Murakami et al., , 2005 Osorio et al., 2005] and perhaps in the first vertebrates (however, the situation in lampreys may represent a simplification with respect to the ancestral condition, and data in other extant jawless fishes, e.g. hagfishes 5 , are necessary to determine the situation at the origin of vertebrates) [Sugahara et al., 2013] . The lack of Nkx2.1 expression in the subpallium of lampreys is correlated with the lack of Hedgehog, which is suggested to be upstream of Nkx2.1 [Murakami et al., 2005; Osorio et al., 2005] (see discussion below; fig. 2 ). The subpallium, identified by its expression of Dlx family genes [Murakami et al., 2001 ], appears to include only the LGE-like progenitor zone that produces the striatum ( fig. 2 ). This is in agreement with the description of a striatal-like sector, but not a pallidum, in the subpallium of lampreys based on neurochemistry [Pombal et al., 1987; Nieuwenhuys and Nicholson, 1998 ; see also discussion in van den Akker et al., 2008; Medina, 2009] . However, a recent study has found evidence for the presence of pallidal cells in lampreys based on neurochemistry, connections and physiology [Stephenson-Jones et al., 2011 ]. Yet, 5 There are no data on Nk2.1/Nkx2.1 in hagfishes (lineage of jawless fishes that diverged close to the origin of vertebrates). On the other hand, amphioxus (a cephalochordate) lacks a telencephalon [Holland, 2009] and in these animals Nk2.1 is expressed at basal diencephalic levels, resembling the expression of Nk2.1/Nkx2.1 at this location in vertebrates [Venkatesh et al., 1999] . 6 Note that expression of developmental regulatory genes, combined with other landmarks, is very useful for understanding the topological framework of the neural tube, the major divisions/subdivisions and the primary topological position of cell groups within the tube [Puelles and Medina, 2002; Medina, 2007] . the topological position of the proposed pallidum (highly important for any consideration of homology) [Nieuwenhuys, 1998; Striedter, 2005; Nieuwenhuys, 2009] 6 does not appear compatible with its homology to the pallidum of jawed vertebrates, unless their cells left their primary location (the domain where they originated) and migrated tangentially to a position adjacent to the thalamic eminence. Moreover, in the apparent absence of Nkx2.1 lineage neurons in the subpallium, the only type of neurons that may be present in such putative 'pallidum' of lampreys are those of striatal lineage, which may be comparable to the LGE/Islet1 lineage cells found in the pallidum of lungfish, frog, chicken and mouse. In any case, more studies need to be conducted in different species to be sure of the evolutionary continuity and homology of such cells. As noted above, the globus pallidus (dorsal pallidum) of tetrapods appears to contain two major types of GABAergic projection neurons, those derived from the MGE/pallidal embryonic subdivision and expressing Nkx2.1 and those derived from the LGE/striatal subdivision and expressing Islet1. The connections and neuropeptide content of these two cell types are different. The pallidum in lungfishes also appears to include both types of neurons. However, in ray-finned and cartilaginous fishes, there is only evidence for the presence of Nkx2.1 lineage cells, but more studies need to be conducted to investigate the presence Islet1 lineage cells (although this seems possible due to the presence of ENK+ and SP+ cells). Moreover, in the absence of enough connectivity/ functional data, it is unclear whether the pallidal domain of lungfishes, ray-finned fishes and cartilaginous fishes is subdivided into dorsal and ventral parts comparable to those in tetrapods, although it seems plausible in lungfishes due to the similarity of their subpallium to that of amphibians [González and Northcutt, 2009] . In this sense, a true globus pallidus (dorsal pallidum) may first be seen at the time of origin of tetrapods or perhaps a little earlier (with the common ancestor of lungfishes and tetrapods) and be characterized by the presence of two major neuron types. Nevertheless, data on the neuropeptide content and connections of each one of these cell types in different species are still missing.
On the other hand, the pallidal embryonic division (comparable to the MGE) appears to be present in all jawed vertebrates, but not in the jawless lamprey (based on the absence of expression of Nkx2.1 in the subpallium of these fishes). Data in other extant jawless fishes (such as hagfishes) are needed to know whether the MGE was or was not present at the origin of vertebrates. Nevertheless, if the pallidum (at least its dorsal part or globus pallidus) of jawed vertebrates also contains neurons from the LGE/Islet lineage, it is still possible that at least such type of neurons (a subpopulation of striatal-lineage neurons, interconnected with other striatal neurons, and perhaps with descending collaterals to the subthalamus) was present in the first vertebrates as part of the basal ganglia circuit. If this was the case, can we call this cell group, having only striatal-derived neurons without any contribution of cells from the pallidal/MGE embryonic domain, as a 'pallidum' without entering into at least semantic contradictions? It is clear that the cells of such a putative cell group (with only striatal-lineage neurons) would only be homologous to the LGE/striatal-lineage neurons of the pallidum of tetrapods.
When the pallidal embryonic subdivision appears, the globus pallidus may either: (1) fig. 3i of Moreno et al. [2008] ) and mice [García-López et al., 2008; Nóbrega-Pereira et al., 2010; Bupesh et al., 2011a] , but the first possibility appears to occur in chicken [Abellán and Medina, 2009] . However, the situation is unclear in lungfishes (see fig. 4c , d of González and Northcutt [2009] ) and we lack data from reptiles, and for now it is not possible to know what was the ancestral condition.
In any case, a major step in the evolution of the basal ganglia and the telencephalon likely was the appearance of a novel expression domain of Nkx2.1 in the subpallium [Murakami et al., 2005; Osorio et al., 2005; Medina, 2009; Moreno et al., 2009; Kuenzel et al., 2011] . What triggered the novel expression of Nkx2.1 in the subpallium? This has been correlated to the novel expression of Hedgehog/ Sonic hedgehog (Shh), which was not seen in lampreys but is present in a similar location to Nkx2.1 in jawed fishes and tetrapods [Puelles et al., 2000; Rohr et al., 2001; Murakami et al., 2005; Osorio et al., 2005; Flames et al., 2007; García-López et al., 2008; van den Akker et al., 2008;  , c ) , diverging from the situation found in the common ancestor ( a ; without embryonic subdivisions in the subpallium). The globus pallidus in tetrapods and lungfishes appears to include two major cell subpopulations, those from the pallidal domain (expressing Nkx2.1 during development) and those from the striatal domain (expressing Islet1 during development). The mixing of the two subpopulations may occur by tangential migration of striatal-derived cells into the pallidal mantle to join there other cells and together form the GP (situation represented in c ; apparently found in frogs and mice). Alternatively, this may occur by massive tangential migration of many pallidal-derived cells into the striatal mantle, where they find striatal cells (situation represented in b ; apparently found in chicken). For abbreviations see list. Abellán and Medina, 2009; Domínguez et al., 2010; Quintana-Urzainqui et al., 2012] . It was suggested that Hedgehog/Shh maybe upstream to and drive the expression of Nkx2.1 in the basal telencephalon [Murakami et al., 2005; Osorio et al., 2005] . This was shown for Hedgehog in zebrafish (inducing Nk2.1b [Rohr et al., 2001] ), resembling a similar role of Shh in relation to Nkx2.1 in mouse [reviewed by Medina and Abellán, 2012] . In addition, another possibility (compatible with the previous one), which was suggested by an in silico comparative study, is the occurrence of changes in the regulatory region of Nkx2.1 during evolution [van der Akker et al., 2008] . According to this study, the regulatory region of Nkx2.1 appears to contain a highly conserved enhancer, which is present in mouse, chicken, the frog Xenopus tropicalis , the fugu (puffer fish, a basal teleost) and also in the regulatory region of zebra fish Nk2.1b [van der Akker et al., 2008] . In contrast, such a domain shows a large deletion in the zebrafish Nk2.1a, which is not expressed in the telencephalon [van der Akker et al., 2008] . Nk2.1a of zebrafish shows an expression pattern similar to that of Nkx2.1 of lampreys, in which such an enhancer could not be found. Therefore, although more studies are needed, these data suggest the existence of at least two mechanisms involved in triggering a novel expression domain of Nkx2.1 in the telencephalon. Given the relevance of the cell groups produced by the Nkx2.1 embryonic domain (not only related to the basal ganglia but also as a source of cortical interneurons and the corticopetal telencephalic cell groups [Marín and Rubenstein, 2001; Medina and Abellán, 2012] ), this became a major event in the evolution of the forebrain.
